We performed an exclusive study to investigate the associations between a total of 23 lactate-related indices during the first 24h in an intensive care unit (ICU) and in-hospital mortality.
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Introduction
An elevated blood lactate concentration may result from anaerobic metabolism caused by tissue hypoxia, accelerated aerobic glycolysis via the Na-K ATPase due to excess β-adrenergic stimulation, or impaired clearance from liver [1, 2] . Because lactate concentrations are easily measured with a standard blood gas analyzer, numerous studies have demonstrated that elevated lactate concentrations or lactate changes are strongly associated with patient outcomes [3] [4] [5] [6] .
Several lactate indices related to kinetics have been developed and shown to be effective predictors of outcome in diverse cohorts of critically ill patients [5] [6] . Dynamic indices based on serial lactate changes may be more informative than static ones. In particular, changes in lactate concentrations (Δ Lac) have been extensively studied [7] [8] [9] [10] [11] . However, adequate time intervals or optimal cut-off values for Δ Lac have varied considerably among studies [7] [8] [9] [10] [11] [12] .
Instead, the optimal time interval of measuring lactate for therapeutic guidance or prediction of outcome has been emphasized. For example, after an extensive review of studies on lactate indices, Vincent et al. [12] concluded that lactate changes should be recorded every 1-2h. Furthermore, the "Hour-1 bundle" in the recently updated Surviving Sepsis Campaign recommended that lactate should be remeasured within 2-4h when initial lactate is >2mmol/L [13] .
We performed the present exclusive study to investigate the associations between a total of 9 static and 14 dynamic lactate indices during the first 24h of an intensive care unit (ICU) and in-hospital mortality in unselected ICU patients.
Materials and methods

Data sources
The medical information mart for intensive care (Multiparameter Intelligent Monitoring for Intensive Care III [MIMIC-III] ver1.4) is a large, and freely available database comprising deidentified health-related data associated with over 40,000 patients who stayed in 5 critical care units of the Beth Israel Deaconess Medical Center (Boston, MA) between 2001 and 2012 [14] . The use of the MIMIC-III database was approved for HE after certification of CITI program by Massachusetts Institute of Technology (No. 25459972). All data in the present study were extracted from the database using the Structured Query Language (SQL) scripts.
Lactate data. Time and phase. To extract lactate data from the MIMIC database, times and phases of arterial lactate measurements were arbitrarily defined as the following 3 times and 2 phases: ▪ T0: between 2h before and 2h after admission to ICU ▪ T12: between 10h and 14h after admission to ICU ▪ T24: between 22h and 26h after admission to ICU ▪ Phase 0-12h: between 2h before and 14h after admission to ICU ▪ Phase 0-24h: between 2h before and 26h after admission to ICU A minimum of a single lactate value was needed for each time. A minimum of two lactate values was needed for each phase. Patients whose data did not satisfy the above requirements were excluded from this study.
Lactate 
Study endpoints
The primary endpoint was to determine the effective lactate indices as predictors of in-hospital mortality. The secondary endpoint was to examine whether the effective lactate indices could predict 90-day survival after admission to the ICU.
Statistical analyses
Descriptive statics were computed for all variables, and normal distribution was assessed using the Shapiro-Wilk test. Categorical variables were presented as number and percentage (%) and were compared using chi-squared test or Fisher's exact test. Continuous variables were presented as mean ± standard deviation (SD) for variables with normal distribution or as median (interquartile range [IQR]) for variables without normal distribution and compared using either Student's t test or the Mann-Whitney U test, respectively. The associations between lactate index and in-hospital mortality were analyzed by univariate and multivariate logistic regression models. The goodness of fit of the model was assessed using the Hosmer-Lemeshow test. The significant lactate indices by multivariate logistic regression model were adjusted for predefined confounders: age, gender, sepsis (infection with organ dysfunction), Elixhauser comorbidity score [15] , mechanical ventilation, renal replacement therapy, vasopressors, and ICU severity scores. Results of the logistic regression model were presented as odds ratios (OR) and 95% confidence intervals (CI).
The receiver operating characteristic (ROC) curve with the area under the curve (ROC-AUC) was plotted to evaluate the predictive ability of the lactate index for in-hospital mortality. Non-parametric DeLong test [16] was used to compare significant differences among ROC-AUCs. In addition, Youden method was used to calculate an optimal cut-off value. Sensitivity, specificity, positive predicting value (PPV), and negative predicting value (NPV) were calculated at the optimal cut-off value.
Kaplan-Meier estimation was used to obtain 90-day survival curves from ICU admission for the significant predictors of in-hospital mortality by a dichotomy of the determined cut-off value.
Two-sided p values <0.05 were considered significant. All analyses were performed using software Stata/SE package version 15.0 (StataCorp, College Station, TX, USA).
Results
Of the 61,532 patients admitted to 5 ICUs, 43,010 patients aged >16 years who stayed in the ICU for �26h were identified. After excluding the patients with missing lactate data (n = 41,871), initial arterial lactate � 2.0 mmol/L (n = 281), and � 2nd admission to ICU (n = 77), 781 patients were finally included for analysis and divided into a survived discharge group (survivors group: n = 523) and expired in hospital group (non-survivors group: n = 258). The in-hospital mortality rate for this cohort was 33.0% (Fig 1) .
Baseline demographic characteristics for both groups are shown in Table 1 . Compared with survivors, non-survivors were older (p<0.001) and had a higher percentage of admission to a coronary care unit or medical intensive care unit, a higher percentage of sepsis (p<0.001), and a higher Elixhauser comorbidity score (p<0.001). Non-survivors also had a higher percentage of mechanical ventilation (1 st day) (p<0.05), a higher percentage of renal replacement therapy (1 st day) (p<0.001), a higher percentage of use of vasopressors (during ICU stay) (p<0.001), a shorter length of ICU stay (p<0.001), a higher percentage of emergency admission, a higher APACHE III score (p<0.001), SAPS II (p<0.001), and SOFA score (1 st day) (p<0.001). The distributions of primary international classification of disease version 9 diagnosis (ICD-9) did not differ between the groups (p = 0.090).
Baseline vital signs and laboratory data for both groups are shown in Table 2 . Compared with survivors, non-survivors had a higher heart rate (p<0.05), a lower systolic blood pressure (p<0.001), a higher respiratory rate (p<0.001), a lower temperature (p<0.001), and a lower SpO 2 (p<0.001). Compared with survivors, non-survivors also had a lower albumin (p<0.001), a lower bicarbonate (p<0.001), a higher creatinine (p<0.001), a higher total 
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bilirubin (p<0.001), a higher blood urea nitrogen (BUN) (p<0.001), a lower chloride (p<0.001), a higher potassium (p<0.01), and a lower platelet (p<0.001). A total of 6,263 measurements of arterial lactate concentration were performed. The number of lactate measurements for each of the 3 time and the 2 phase categories are shown in S1 Table. The comparisons of the 23 lactate indices between the groups are shown in Table 3 . All lactate indices other than max lactate at T0 (� 3mmol/L) were significantly different between the groups. 
Results of univariate or multivariate logistic model assessments of the lactate indices for inhospital mortality are shown in Table 4 .
Multivariate logistic regression model identified max lactate at T0 (p<0.05), max lactate at T24 (p<0.01), max lactate 0-24h (p<0.05), and ΔLacl 0-12h (�10%) (p<0.05) as significant predictors for in-hospital mortality. Hosmer-Lemeshow test was not significant (p = 0.529) indicating that the model adequately fit to data.
Of the 4 predictors, max lactate at T24 remained a significant predictor of in-hospital mortality after adjusting for predefined confounders (OR = 1.431, 95% CI = 1.277-1.604, p<0.001) ( Table 5 ). Furthermore, APACHE III score and age (year) remained as significant predictors ( Table 5 ).
The ROC-AUC of max lactate at T24 (AUC = 0.776, 95%CI = 0.740-0.812) was larger than other lactate indices ( Table 5 ). When combining max lactate at T24 with APACHE III, the AUC was increased to 0.815 (95% CI:0.783-0.847) (S1 Fig) .
The optimal cut-off values, Youden index, sensitivity, specificity, PPV, and NPV for max lactate at T24, APACHE III score, and age for in-hospital mortality are shown in Table 6 .
The distributions of individual values of max lactate at T24, APACHE III score, and age between survivor and non-survivors are shown in Fig 2. Kaplan-Meier survival curves with risk tables and 95% confidence intervals of the max lactate at T24, APACHE III score, and age for 90-day survival after admission to ICU according to the cut-off values are shown in Fig 3. There was a significant difference between survival curves using the cut-off values (p<0.001 for all). 
Discussion
In the present study of unselected ICU adult patients extracted from the MIMIC III database, we have shown that max lactate at T24 was a significant predictor for both in-hospital (OR = 1.431, 95% CI = 1.277-1.604, p<0.001) and 90-day survival. The ROC-AUC of max lactate at T24 (AUC = 0.776, 95%CI = 0.740-0.812) was larger than other indices, as comparable with APACHE III score.
MIMIC database and lactate study
Many studies have used the MIMIC II or MIMIC III database. According to the MIMIC website (https://mimic.physionet.org/about/publications/), a total of 145 studies have been published between 2004 and 2018. However, as far as we know, few studies have focused on lactate dynamics. Moskowitz et al. [17] showed that hypo-magnesium (<1.6 mg/dL) was associated with an increased risk of mild (>2 mmol/L) and severe (>4 mmol/L) lactic acidosis in 8,922 critically ill patients extracted from the MIMIC II database. Using a fractional polynomial Cox-proportional hazard model, Zhang et al. [18] reported that higher initial lactate concentration and longer lactate normalization time were significantly associated with increased hazard of mortality in 6,291 ICU patients from the MIMIC II database. Recently, Liu et al. [19] described that the first 24h averaged lactate value was an independent prognostic factor of mortality and the discriminative power of which was superior to qSOFA and comparable to 
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SOFA in 1865 septic patients extracted from MIMIC III. However, dynamic lactate index was not evaluated in these studies.
Static lactate index
Several studies have indicated that a single initial lactate concentration in prehospital, emergency department (ED), or ICU settings is a strong predictor of outcome [20] [21] [22] [23] . Martín-Rodríguez et al. [20] demonstrated an efficient cut-off value of prehospital lactate �4.25 mmol/ L for 30-day mortality in 279 emergency patients. Similarly, Jansen et al. [21] described that prehospital lactate �4.0 mmol/L was highly associated with in-hospital mortality, providing more prognostic information than systolic blood pressure or heart rate in 124 patients. Chebl et al. [22] also reported that lactate >4.0 mmol/L in the ED was associated with an increased adjusted OR (>29.0) for in-hospital mortality. Trzeciak et al. [23] reported a strong association between initial lactate � 4.0 mmol/L, wherever measured (ED, ICU, or general ward), and acute-phase death (� 3 days) in infectious patients. In this study, initial maximal lactate (max lactate at T0) was barely not statistically significant after adjusting for confounders (p = 0.056) ( Table 5) .
Recently, Masyuk et al. [24] showed a dynamic index, Δ 24Lac (the difference between maximum lactate on day 1 and day 2) was associated with in-hospital and long-term mortality in unselected ICU patients. The predictor of max lactate at T24 in this study is the final concentration of lactate over the first 24h, which may be relevant to the Δ 24 Lac. 
Dynamic lactate index
Several dynamic lactate indices have been shown as effective predictors of outcome in ICU patients. ΔLac, also called lactate clearance in some articles, has been extensively studied [7] [8] [9] [10] [11] . However, use of the term "clearance" has been criticized because of its general meaning of elimination and the need for intravenous injection of radiolabeled lactate to directly measure clearance [2, 12] . Therefore, this article uses the term ΔLac rather than clearance when describing other studies that did not use radiolabeled lactate to directly measure clearance. Nguyen et al. [7] showed that a lower ΔLac 0-6h, obtained at 0h and 6h after admission to ED, was significantly associated with in-hospital mortality in 111 adult patients with severe sepsis or septic shock. Similarly, Ryoo et al. [8] reported that median 6h repeated lactate concentrations and ΔLac 0-6h were significantly associated with 28-day mortality in 1,060 adult patients with septic shock. In contrast, the raw data for ΔLac varied considerably, resulting in a lower diagnostic ability [7, 8] . However, in the systematic review and meta-analysis for ΔLac, Zang and Xui [11] concluded that the diagnostic performance of ΔLac remained at a moderate accuracy level in the heterogenous ICU population. In our study, none of the 12 lactate indices related ΔLac was identified as a significant predictor. A possible explanation may be that ΔLac was calculated based on maximum and minimum values, leading to exaggerated variations. In contrast, slope (SL; linear regression coefficient) may more accurately reflect changes of lactate concentrations than ΔLac. Actually, Nichol et al. [25] calculated lactate SL 0-24h in (Table 3) , probably attributable to the difference in mortality rates (19.2% vs. 33.0%) and the presence of outliers. Nicolet al. [25] also reported that OR for hospital mortality was significantly greater in patients with slopes >0 or 0 to -1 compared with patients with a slope <-1. In our study, lactate SL 0-24h was not a significant predictor of in-hospital mortality. Interestingly, OR for hospital mortality was similarly shown to be greater in patients with lactate SL 0-24h �0 (n = 219) or 0 > lactate SL 0-24h � -1 (n = 159) compared with -1 > lactate SL 0-24h (n = 403) after adjusting for the predefined confounders (OR = 1.557, CI = 1.040-2.332, p<0.05, and OR = 1.042, CI = 0.648-1.674, p = 0.866, respectively).
Limitations
The present study has several limitations. First, this study was based on a single institutional database. Second, due to missing lactate data, the final cohort resulted in a small fraction of the overall MIMIC III data (781/61,532 = 1.27%) that may not reflect the entire MIMIC III data. Third, times for lactate measurements were not precisely protocoled due to the retrospective nature of the study, resulting in broader measuring times for calculating lactate indices. Fourth, calculation of ΔLac was based on maximal and minimum values of lactate concentrations, leading to exaggerated results. Fifth, although results were adjusted for confounders including ICU severity score, more serious patients might have more lactate measurements, which could affect values of static or dynamic index. Finally, the treatments against elevated lactate concentrations were not protocoled or uniformly reported due to the retrospective nature of the study and heterogenous cohorts.
Conclusions
Among 23 lactate-related indices during the first 24h following ICU admission, a peak value of arterial lactate concentration at 24h was a robust independent predictor of in-hospital days mortality in unselected critically ill patients extracted from the MIMIC III database. In addition, the peak arterial lactate concentration at 24h could also predict 90-day survival after admission to ICU.
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